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A large axial magnetic anisotropy in trigonal bipyramidal Fe(II) 
Moya A. Hay,
a
 Arup Sarkar,
b
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a
 Katie E. R. Marriott,
a
 Claire Wilson,
a
 Gopalan 
Rajaraman,*
b
 and Mark Murrie*
a
The first trigonal bipyramidal Fe(II) complex to display slow 
relaxation of magnetisation has been isolated, with this behaviour 
found to arise through a combination of a large magnetic 
anisotropy (D = 27.5 cm
1
) and a pseudo-D3h symmetry at the 
Fe(II) centre, as investigated through ab initio and magnetic 
studies. 
The continuing demand for the miniaturisation of 
technology to maximise data storage density drives research 
into molecular magnetic materials. One class of such materials 
are single-molecule magnets (SMMs), which show slow 
relaxation of the magnetisation.
1,2
 Engineering SMM 
properties to maximise the retention of magnetisation has led 
to molecular magnetic hysteresis up to 80 K.
3–5
 Initially 
increasing the spin ground state S was the focus, however 
maximising the axial magnetic anisotropy has become more 
extensively investigated.
6,7
 For example in cases where an 
uneven number of electrons reside in degenerate orbitals, as is 
the case with Ni(II) [or Fe(II)] in a trigonal bipyramidal (TBP) 
coordination environment, if antagonistic Jahn-Teller 
distortions can be minimised through the judicious choice of 
ligands a ‘giant’ magnetic anisotropy can be induced.
8,9
 This 
strategy was used successfully for the TBP Ni(II) complex 
[NiCl3(MDABCO)2][ClO4] ([MDABCO]
+
 = methyl-4-aza-1 
azoniabicyclo[2.2.2] octanium).
10–12
 In light of the potential to 
induce a large magnetic anisotropy in TBP Fe(II) using this 
strategy, and the interest in the magnetic properties of 
monometallic Fe(II) complexes,
13–17
 we report the synthesis of 
[FeCl3(MDABCO)2][ClO4] (1). In conjunction with ab initio 
calculations, experimental investigations of the magnetic 
 
 
Fig. 1 The structure of 1
+
 cation (left) and the unit cell (right) 
where anions and hydrogen atoms have been omitted for 
clarity. 
properties of 1 have confirmed it to be the first example of a 
TBP Fe(II) coordination complex to display slow relaxation of 
the magnetisation. 
For the synthesis of 1 see section S1, ESI.† 
[FeCl3(MDABCO)2]·[ClO4] (1) is isomorphous with the 
previously reported Ni(II) analogue possessing two axial 
[MDABCO]
+
 ligands and three equatorial chloride ligands and 
crystallises in the orthorhombic Pca21 space group (Fig. 1).
10
 In 
the unit cell there are four different orientations of the 
[Fe(MDABCO)2Cl3]
+
 cation  that result in intermolecular Fe···Fe 
distances between 8.4996(2) and 13.185(3) Å. Continuous 
shape measures (CShMs) were used to quantify the distortion 
around the Fe(II) centre, with a value of 0 assigned when the 
experimentally obtained atomic positions match the ideal TBP 
coordination environment.
18–20
 The CShM value of 0.057 
shows that there is only a very small deviation from the ideal 
TBP environment.  
CASSCF/NEVPT2 calculations have been performed on 1 to 
probe the origin of the magnetic anisotropy, as this method is 
found to yield good numerical estimates of zero-field splitting 
(ZFS) parameters for transition metal complexes.
21,22
 These 
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calculations give an axial ZFS (D) of 27.5 cm
1
 with a minimal 
transverse, or rhombic, E/D value of 0.02. This is in sharp  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. D and gzz tensor directions (left), NEVPT2-LFT computed 
d-orbital energies in 1 (right). 
contrast to a recently reported Fe(II) trigonal bipyramidal 
complex where a small positive D value resulted, which can be 
attributed to the differences in geometric distortion (CShM 
value of 0.057 for 1 vs. 1.050 for [Fe(MST)(OH2)]
 where 
[H3MST] = N,N′,N″-[2,2′,2″-nitrilotris-(ethane-2,1-
diyl)]tris(2,4,6-trimethylbenzenesulfonamide).
13
  The 
computed Dzz or gzz anisotropy axes for 1 lie very close to the 
N-Fe-N axis of the complex (see Fig. 2). The large negative D 
value is primarily due to mixing with the 1
st
 excited state (
5
Ey”), 
which corresponds to the same ML level dyz  dxz electronic 
transition (see Table S4 and Fig. 2). In ideal D3h symmetry the 
5
Ex″ and 
5
Ey″ states are degenerate, but a small Jahn-Teller 
distortion results in the 1
st
 excited state in 1 lying 137 cm
1 
above the ground state (see Table S4). While this 1
st
 excited 
state provides the largest contribution to the overall D value, 
mixing of other quintet excited states also provide small 
(positive) contributions to D (see Table S4). As was observed 
with the Ni(II) analogue, the significant steric bulk of the axial 
ligands prevents the Jahn-Teller distortion modes. This retains 
a high-order pseudo-D3h symmetry around Fe(II) centre, which 
is reflected in the negligible E/D value.
11,12
 The spin-orbit 
coupling analysis reveals a very small tunnel splitting (0.08 
cm
1
) for the MS = ±2 levels but the reduced weightage in the 
spin-orbit states (±2) suggests strong ground state quantum 
tunnelling (see Table S5), which rationalises the observation of 
field-induced (rather than zero field) slow magnetic relaxation 
(vide infra), despite the favourable D and E/D parameters.  
The variable-temperature magnetic susceptibility data for 1 
were collected between 290 K and 2 K under an applied direct-
current (dc) field of 1000 Oe (Fig. 3). At 290 K, the MT value of 
4.10 cm
3
 mol
1
 K is substantially higher than that expected for 
a spin-only model (S = 2, g = 2, mT = 3.0 cm
3
 mol
1
 K) 
indicating a significant residual orbital moment. MT remains 
almost constant until approximately 50 K after which a sharp 
decrease is observed, reaching a minimum value of 3.08 cm
3
 
mol
1
 K at 2 K. The magnetisation measurements (M vs. H) 
were carried out between 0 and 5 T at 2, 4 and 6 K (Fig. 3 
inset) and in each case did not reach saturation.   
 
?̂? = 𝐷𝑆𝑧
2 +  𝐸(𝑆𝑥
2 − 𝑆𝑦
2) + 𝜇𝐵?⃗? 𝑔𝑆            (1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Temperature dependence of MT for 1 from 290 K to 2 K 
in a dc field of 1000 Oe (magnetization vs. field shown inset). 
The solid lines correspond to the fit (see text for details).  
 
The MT vs. T and M vs. H data were fitted simultaneously 
using the program Phi
23
 using the Hamiltonian presented in 
equation 1. Some parameters were fixed based on the results 
obtained from the ab initio calculations (vide supra): the axial 
and rhombic ZFS parameters, D and E, were fixed at values of 
27.5 cm
1
 and 0.58 cm
1
, respectively as well as gx = 1.90 and 
gy = 1.98. The gz value however was fixed at 2.61 considering 
the local minimum in the residual determined via a survey of 
the MT vs. T data, although it should be noted that this is 
close to the ab initio determined gz value of 2.53. TIP and zJ 
terms were determined from the fit (further details can be 
found in the ESI along with additional fits and survey plots (see 
Fig. S2 and Fig. S3)).†   
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Fig. 4 Frequency-dependence of the ″ response in Hdc ranging 
between 500 and 5000 Oe at 2 K (upper) and in Hdc =  600 Oe 
between 1.9 and 9 K (lower).  
Initial investigations of the dynamic susceptibility were carried 
out as a function of field with Hdc ranging between 0 and 5000 
Oe at a fixed temperature of 2 K (see Fig. 4 and Fig. S4, ESI†). 
No out-of-phase ac ″ response was observed in zero applied 
dc field, as is common for monometallic 3d complexes where 
spin-phonon relaxation and quantum tunnelling of 
magnetisation (QTM) can be particularly efficient,
24–26
 but on 
applying dc fields of above 500 Oe a frequency dependence 
was observed.
8
 At Hdc ≤ 1500 Oe, a single high frequency (HF) 
relaxation pathway is apparent. On increasing Hdc above 1500 
Oe, a second low frequency (LF) relaxation path emerges (see 
Fig. 4). The co-existence of two relaxation regimes has been 
previously attributed to relaxation originating from the 
individual complexes for the HF pathway, with the LF pathway 
arising due to intermolecular interactions.
27–31
 This leads to a 
difference in behaviour as a function of temperature, with the 
signal arising from the HF pathway exhibiting a temperature 
dependence and that from the LF path remaining temperature 
independent. We therefore chose to investigate the variable 
temperature ac susceptibility at two fields; 600 Oe where only 
the HF relaxation mode is observable, and 2500 Oe where the 
LF pathway emerges, and the HF mode is under an optimal 
field (see Fig. S6-S7, ESI†). Under an Hdc of 600 Oe clear 
maxima are observed in the out-of-phase signal, which move 
beyond the frequency limit of the SQUID above 3.5 K (Fig. 4). 
When probed under an Hdc up to 2500 Oe, the HF signal is now 
maximised and once again moves out of the frequency range 
above 3.5 K (Fig. S7, ESI†). Additionally, the LF mode is now 
observable and exhibits no obvious temperature dependence. 
This is more apparent on consideration of the respective 
Arrhenius plots ((ln vs. 1/T) shown in Fig. 5 constructed using 
the relaxation rates, , extracted from the fit of the Argand 
diagrams (Fig. S8, ESI†). At 600 Oe the HF relaxation channel 
shows a crossover to temperature independent relaxation 
when tending to lower temperatures. At 2500 Oe, a larger 
contribution from temperature independent relaxation 
processes is evident for the HF relaxation channel. As 
expected, the  values for the LF pathway show no clear 
temperature dependence. 
Given that the HF relaxation regime is that arising from the 
isolated Fe(II) complex, and that the strongest temperature 
dependence of  is observed above 3.5 K, a crude estimate of 
the barrier to spin reversal using the corresponding relaxation 
rates was made in accordance with the Arrhenius law given by 
the first term in equation 2 (see Fig. S9, ESI†). 
For the data collected at 600 Oe, the gradient of the 
straight-line approximation, corresponding to ΔE/kB, was 
estimated to be 52.9 (± 4.6) K (36.7 (± 3.2) cm
1
), which is 
substantially lower than that estimated based on the D 
parameter obtained from the ab initio calculations (4D = 110 
cm
1
). At 2500 Oe ΔE/kB is even lower at 13.8 (± 0.3) K (9.6 (± 
0.2) cm
1
). This suggests that other relaxation processes short-
cut the thermal energy barrier, and discounts a model 
including the Orbach term as this process must occur via ‘real’ 
states (e.g. ~3D (82.5 cm
1
) for ms  2 and  1). The fit was 
then reconsidered to account for spin-lattice Direct processes  
 
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
-14
-12
-10
-8
-6
-4
-2
0
HF
 600 Oe
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ln
(
/s
)
1/T (K-1)
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Fig. 5 Arrhenius plot of the high-frequency (HF) and low-
frequency (LF) modes at 600 and 2500 Oe constructed from 
the extracted values of τ obtained from the fit of the Argand 
diagrams for data between 1.9 K – 4.5 K. Solid lines are a guide 
for the eye only. 
𝜏−1 = 𝜏0
−1𝑒𝑥𝑝 (−
∆𝐸
𝑘𝐵𝑇
) + 𝐴𝐻2𝑇 +𝐶𝑇𝑛 + 
𝐵1
1+𝐵2𝐻
2       (2) 
and Raman processes, given by the second and third terms in 
equation 2, respectively, as well as a QTM contribution 
denoted by the fourth term in equation 2 (see Fig. S11, ESI†).
32
 
To avoid over-parameterisation, the field dependence of 
the relaxation rate was initially fitted using the field-
dependent processes (see Fig. S10). This allowed us to extract 
parameters relating to both direct relaxation and QTM (A, B1 
and B2) giving A = 182.35 (±0.05) x10
2
 s
1
 kOe
2
 K
1
. B1 = 109.60 
(±0.04) x10 s
1
 and B2 = 355.57 (±2.56) x10
2 kOe
2
. Once 
obtained, these parameters were fixed in the fits of the 
temperature dependence of the relaxation rates at both 600 
Oe and 2500 Oe. For data collected at Hdc = 600 Oe, the fit 
fixing A, B1 and B2 and n=7 for an integer spin ion is shown in 
Fig. S11 where C = 5.64 (± 0.06) s
-1
K
-n
. The fit can be improved 
by including an Orbach term but as discussed earlier it is not 
appropriate to include this term based on the estimated 
energy gap between ‘real’ states. For relaxation rates obtained 
under 2500 Oe the data could be fitted by fixing A but it was 
not possible to do this for the QTM terms B1 and B2. The 
Raman parameters relating obtained were C = 1.31 (±0.01) s
-
1
K
-n
, n = 6.39 (±0.01). The general QTM term obtained from the 
fit (1.34 (±0.01) x10
3 
s
-1
) was close to that obtained based on 
the field dependent relaxation rates ((B1/1+B2H
2
) 9 x 10
2 
s
-1
).  
 [FeCl3(MDABCO)2][ClO4] (1) is the first monometallic 
trigonal bipyramidal Fe(II) complex to show slow relaxation of 
the magnetisation. Rigorous control of the coordination 
environment produces a large axial magnetic anisotropy as 
confirmed by dc magnetic measurements and supported by ab 
initio calculations. Due to the rarity of slow magnetic 
relaxation in TBP Fe(II), even under an applied dc field, we 
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stress the importance of minimising the geometric distortion 
in order to generate a large axial magnetic anisotropy while 
also minimising the rhombic magnetic anisotropy. 
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